Background Recent epidemiological studies suggest that the adverse respiratory health effects caused by the inhalation of fungal propagules are substantial. Knowledge of the prevalence and environmental determinants of indoor fungal levels is essential in designing effective avoidance measures. Aim To investigate the prevalence of fungi and the influence of residential characteristics on levels of fungi within homes in Melbourne, Australia. Methods Floor dust and air samples were collected from bedrooms in 485 houses over 1 year. The dust was analysed for ergosterol, a marker of cumulative fungal biomass exposure. Total and genera-specific fungal propagules were identified in air samples. Details of the relevant residential characteristics were documented using a questionnaire. Independent predictors (P < 0.05) of ergosterol and total fungal propagules were identified by multiple linear regression. Results Fifty-five percent of the houses had viable fungal propagules exceeding 500 CFU/m 3 . Cladosporium and Penicillium were identified as the most prevalent and abundant fungal genera in indoor air. The median ergosterol level in bedroom floor was 3.8 mg/g of dust. Multivariate analysis showed that total fungal propagules in indoor air were lower in bedrooms with a ceiling fan, without visible mould, and those that were more frequently vacuumed, had a solid fuel fire, had windows closed at the time of the sampling or lacked pets. The presence of more than one cat had the greatest effect on total fungal propagules. Ergosterol levels were significantly lower in homes without old fitted carpets, visible mould or pets and those with frequent airing and regular use of an extractor fan in the kitchen. Old wall-to-wall carpets had the greatest effect on ergosterol. Conclusions High indoor fungal exposures were associated with infrequent ventilation or vacuuming, presence of pets, visible mould and old carpets.
Introduction
Recent epidemiological studies suggest that adverse respiratory health effects caused by the inhalation of fungal propagules are substantial [1] . Observed home dampness which correlates with higher fungal spore concentrations [2] , and visible mould is associated with allergies and asthma in adults [3, 4] and children [5, 6] . Verhoeff et al. observed indoor dampness and visible mould to be associated with reported respiratory symptoms via sensitization to house dust mites and fungi [6] . In addition to their inherent allergenicity, metabolites of fungi have been suggested to adversely influence the respiratory system through their immunosuppressant or irritant properties [1] . These findings highlight the need to critically evaluate the approaches to reduce indoor fungal exposure.
Residential characteristics have an important influence on indoor fungal levels, although the occurrence of fungal propagules indoors largely reflects the outdoor air [7, 8] . The prevalence of indoor fungi has been previously investigated, but only limited inconclusive information is available regarding the predictors of indoor fungal levels. Characteristics that have been investigated include damp housing [9] [10] [11] , home construction [7, 11] , ventilation [7, [11] [12] [13] [14] , household pets [10, 13] and fitted carpets [7, 10] . These factors are interrelated, as well as being related to other residential characteristics which may influence the levels of fungi. Many previous studies have only examined one or at the most a few relevant factors together, hence the results may have been confounded by other unmeasured factors. An intervention study to assess the effectiveness of frequent ventilation and cleaning in reducing indoor fungal levels has shown promising results, but firm conclusions cannot be drawn as the comparison was before and after the intervention without controls [14] . Furthermore the relationship between housing conditions and indoor fungal levels is likely to be affected by the geographical location under study. An understanding of the environmental determinants of the indoor fungal levels would clarify the changes to interior design necessary to reduce indoor exposure to fungi.
Thus, we carried out a cross-sectional study to assess the prevalence of fungi and the influence of residential characteristics upon fungal levels in Melbourne homes. This study was nested within a longitudinal study in which a sample of young adults and their homes were investigated to assess the indoor environmental risk factors for asthma.
Materials and methods

Subjects
The subjects were participants in a follow-up study to the European Community Respiratory Health Survey (ECRHS), as undertaken by our centre in Melbourne. The two-phase sampling procedure that was used has been described elsewhere [15, 16] . Briefly, a questionnaire was mailed to a group of young adults randomly selected from the electoral roll during the first phase of the ECRHS in 1992. This comprised 4500 subjects aged between 20 and 44 years, of whom 3200 (72%) responded. The prevalence of symptoms of asthma among the respondents (i.e. having nocturnal dyspnoea, 'asthma' within last 12 months or having been on medication for asthma) was 17.6%. A random sample (n ¼ 1642) and a 'symptomatic' sample (n ¼ 433) of the respondents were invited to the laboratory for testing in the second phase. A total of 757 subjects attended between 1993 and 1994. This group was asked to participate in a follow-up study in 1996 and 485 (23%) of the subjects who were originally invited to the laboratory in 1993 complied. Among them 349 were from the random sample and 136 were from the symptomatic sample.
In the follow-up, participants were visited at home once in a random order over a period of 1 year. The respective numbers visited during summer, autumn, winter and spring were 28, 146, 136 and 175. Dust and air samples were collected from their bedrooms, and a residential questionnaire was administered. The participants were requested to visit the laboratory to complete a detailed respiratory questionnaire, and to undergo skin prick and lung function tests, which will be reported separately. The current paper presents a cross-sectional analysis of the prevalence of fungi and the residential characteristics associated with fungal levels in the bedrooms of the participants.
Questionnaire
An interviewer-administered questionnaire was used to collect information about residential characteristics such as the age of the home, house construction, type of ventilation, heating, evidence of dampness and mould, floor covering, bedding and cleaning routines.
Bedroom air temperature and relative humidity (i.e. absolute humidity of the sample as a percentage of fully saturated gas at the same temperature [17] ) were recorded at the same visit using a digital thermohygrometer (Type THG-388 RS Components, China). The thermohygrometer was placed in the bedroom, 1 m above floor level and away from windows, beds and heat sources and read after equilibrating for 15 min. Absolute humidity (the amount of water vapour per unit of gas expressed as partial pressure for each house [17] ) was calculated using the measurements of temperature and relative humidity.
Collection of dust samples
Samples of house dust were collected from the floor of the bedroom of the study subjects. These were collected using a modified Makita 4071D handy-vac (7.2 volt battery operated; Anjou, Aichi, Japan) with a 25-mm nylon filter and according to a standard protocol [18] with some modification. The modification was identified from a pilot study in which some of the floor dust samples collected from 1 m 2 were inadequate for the allergen assays. We found that at least 30 mg of total dust needed to be collected as each assay required around 10 mg of fine dust. Hence the bedroom floor was sampled according to two protocols. The standard protocol was to vacuum for a total of 2 min over an area of 2 m 2 adjacent to the side of the bed on which the participant slept. The extended protocol was followed if the dust collected according to the standard protocol seemed inadequate. In the extended protocol vacuuming was extended by 1 m 2 per minute until an adequate sample was collected. Only 447 dust samples were sufficient to analyse for ergosterol as the dust samples were first analysed for house dust mite allergen the results of which have already been presented [19] .
Measurement of cumulative fungal levels in floor dust
The fungal membrane lipid ergosterol was used as an indicator of total fungal biomass in dust samples, using a modification of the technique of Martin et al. [20] . Dust samples (approximately 50 mg) were weighed, suspended in 0.5-mL cold ethanol and sonicated for 10 min in a cold water bath. After centrifugation the supernatant was decanted, and the pellet re-extracted with a further 0.5 mL of cold ethanol. The supernatants were combined, filtered (0.22 mm), and 100 mL of the ethanol extract was analysed by reverse-phase HPLC, using a 100GLC4-ODS2-8/5 C-18 cartridge (SGE Scientific Pty Ltd, Ringwood, Australia). The sample was eluted at 1.0 mL/minute with 100% methanol, and ergosterol was monitored by UV absorbance at 282 nm. The assay was calibrated using a pure sample of ergosterol (Sigma Chemical Co, St Louis, MO, USA; catalogue number E6510). Results are expressed as micrograms ergosterol per gram of fine dust and micrograms per square meter of floor area.
Measurement of total and specific fungal levels in the air
The identity and abundance of viable fungal propagules suspended in the air at the time of sampling was estimated using a two-stage Andersen sampler (Model 10-800, Graseby/Andersen, Atlanta, GA, USA) which divides particles into respirable and non-respirable fractions and deposits particles onto separate agar plates. Potato dextrose agar plates were exposed for 1 min in each subject's bedroom at an air-sampling rate of 28.3 L/min. Exposed plates with respirable fungal propagules were incubated in darkness at 25 ЊC for 4 days. The resulting fungal colonies of Cladosporium, Alternaria, Epicoccum, Penicillium and Aspergillus were identified on the basis of colony and spore morphology and all the other colonies were totalled in one group as 'others'. Counts were expressed as colony forming units per cubic metre of air. The five genera identified in this study have previously been reported as allergenic [21] [22] [23] [24] [25] .
Statistical analysis
The Statistical Analytical System package [26] and STATA [27] were used to analyse the data. The distributions of spore counts from the air sample and ergosterol levels were both positively skewed. Log transformation-normalized distributions of total fungal propagules, Cladosporium, other fungal propagules and ergosterol levels expressed per gram of fine dust.
The two-phase sampling process over-sampled symptomatic subjects, and therefore a re-weighting (or poststratification) procedure [28] was applied to realign the sample to the estimated symptomatic prevalence of 17.6% in the population aged 20-44 years to assess the prevalence of fungi. An additional consideration was that this prevalence estimate itself involved a degree of sampling error, which needed to be accounted for. Applying these corrections using the Stata software [27] , yielded negligible differences to unweighted analyses, principally because the symptomatic and asymptomatic subjects in the sample were comparable across all studied factors, and the initial random sample was large enough that additional sampling variability from the symptomatic prevalence estimate was minimal. Therefore for simplicity, only the unweighted results are presented in the text and tables.
Temperature and relative humidity in the bedroom, season, age of the house, type of construction, central heating, air conditioning, observed damp patches and mould in the bedroom, window coverings, fitted carpet, type and age of the carpet, ventilation, vacuuming practices for the floor and household pets were considered as possible predictors of indoor fungal levels.
In the univariate analysis, the associations between different types of indoor fungi with temperature and relative humidity were examined by computing either Pearson or Spearman correlation coefficients, depending on the distribution of data. Total viable fungal levels in the air and ergosterol were considered as the final indicators of indoor fungal levels. Linear regression was carried out to assess the association between indicators of indoor fungal levels and residential characteristics.
Multiple linear regression was carried out to identify the significant independent explanatory variables for the variance in fungal levels, after accounting for the effects of other relevant factors. Variables which were significant at P < 0.2 in the preliminary analysis, exhibited a large effect in the preliminary analysis (1.5-fold increase in the levels compared with the baseline category) or those previously described as important in influencing the fungal levels were included in the model. In the next step, variables which were not significantly associated with fungal levels (P > 0.05) were excluded manually in a sequential backward elimination manner. However, it was decided to control for the 'symptomatic status' of the subject as defined at the second phase of sampling, age of the house, indoor humidity and season in all models irrespective of the statistical significance. The geometric means for the significant predictors adjusted for the other independent predictors, 'symptomatic status', age of the house, indoor humidity and season were computed by analysis of covariance (ANCOVA).
Ethics
The study was approved by the Ethics Review Committee at The Alfred Hospital. Written informed consent was obtained from all participants.
Results
Ergosterol levels in bedroom floor dust
Ergosterol levels in 46 (10%) houses were below the detection limit. The median ergosterol level on the bedroom floor was 3.8 mg/g (range: 0-61.5) of fine dust and 0.7 mg/m 2 (range: 0-17.5) area. The correlation between the ergosterol levels per gram of fine dust and per square metre was 0.9 (P < 0.001). Hence we used only the ergosterol levels expressed as micrograms per gram of dust in further analysis.
Fungal propagules in bedroom air samples
Fifty-five percent of the houses (n ¼ 485) had viable airborne fungal propagules exceeding 500 CFU/m 3 . The levels of viable airborne fungal propagules are described in Table 1 . The most commonly identified fungi were Cladosporium and Penicillium. Cladosporium was isolated in 90% of the houses and Penicillium in 76% of houses. Among the five fungal genera identified, the largest single contribution to the total spore levels was from Cladosporium (36%). Fungi which were found only in less than 10% of the houses (i.e. Alternaria and Epicoccum) were incorporated into the group of 'other' fungi for further analysis.
Weak but statistically significant correlations were observed between the occurrence of some fungi. Penicillium correlated with Aspergillus (r ¼ 0.2, P < 0.001) while Cladosporium correlated with the group of 'other' fungi (r ¼ 0.1, P ¼ 0.005). Interestingly, ergosterol levels were neither related to specific fungi nor to the total fungi in the entire sample, but were weakly correlated with the total fungal levels in the sample of houses which had closed windows at the time of sampling (r ¼ 0.1, P ¼ 0.05)
Association between fungi and climatic indicators
The mean temperatures and relative humidity in bedrooms were 18 ЊC (SD ¼ 3 ЊC; range ¼ 10-31 ЊC) and 60% (SD ¼ 8.6%; range ¼ 32-80%), respectively. Small but statistically significant positive correlations were observed between viable fungal propagules in the air and interior temperature and humidity. Relative humidity was positively correlated with levels of total fungi (r ¼ 0.1, P < 0.001) and 'other' fungi (r ¼ 0.2, P < 0.001). Temperature was positively correlated with levels of total fungi (r ¼ 0.2 P < 0.001) and Cladosporium (r ¼ 0.3, P < 0.001). Absolute humidity, which is a combination of temperature and relative humidity, was positively correlated with the levels of total fungi (r ¼ 0.3 P < 0.001), Cladosporium (r ¼ 0.3 P < 0.001) and 'other fungi' (r ¼ 0.1 P < 0.001). Absolute humidity was used in further analysis, as it was found to better correlate with fungal levels and would be biologically more relevant. No correlation was observed between these climatic indicators and dust ergosterol levels.
Levels of total fungal propagules (P < 0.001), Cladosporium (P < 0.001), and ergosterol (P ¼ 0.01) were found to be significantly associated with the season in which the sampling was carried out. Post hoc comparison of the total fungal propagules and Cladosporium revealed significantly higher geometric means (P < 0.01) in summer (734 Ϯ 424 CFU/m 3 ) and autumn (601 Ϯ 144 CFU/m 3 ) compared with winter (445 Ϯ 54 CFU/m 3 ). In contrast ergosterol levels were significantly higher (P < 0.01) in winter compared with other seasons (geometric mean 4.5 vs 3.3 mg/g of dust).
Open windows at the time of sampling were likely to be associated with the viable airborne fungal propagules and dust ergosterol levels as well as the season. Hence the We also observed an association between the amount of fine dust collected and season (P ¼ 0.007). Geometric mean fine dust levels were higher in winter (0.4 gm) and spring (0.4 gm) compared with autumn (0.3 gm) or summer (0.2 gm) (P < 0.001). Tables 2 and 3 describe the geometric mean levels of total fungi and ergosterol, which differed significantly by residential characteristics (P < 0.05). In this univariate analysis, visible mould or damp patches and absence of mechanical ventilation by the bedroom ceiling fan or kitchen exhaust fan were associated with higher total fungal propagules in the air as well as higher ergosterol levels in the dust. In contrast, having open windows at the time of sampling and a cat in the home were associated with higher fungal propagules in the air, but paradoxically lower ergosterol levels in the floor dust. Figures 1 and 2 describe the geometric mean levels of the total viable propagules and ergosterol concentration for the residential characteristics identified as independent predictors in the final multivariate analysis, adjusted for the other significant predictors in the model, absolute humidity, and the age of the house and season. We also examined the significance of the identified predictors of ergosterol levels in bedroom dust while controlling for the sampling technique (i.e. standard vs extended) and the results were similar. These models explained 20% of the variance in each of ergosterol levels and fungal propagules. Presence of more than one cat in the home had the greatest independent effect (1.6-fold increase) on the total viable propagules. Old wall-to-wall carpets had the greatest effect on ergosterol (twofold increase).
Association between residential characteristics and fungi
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᭧ Absolute humidity was found to be a significant independent predictor of total viable spore numbers, but not of ergosterol levels. Higher viable fungal propagules in the air during summer and autumn were found to be confounded by the absolute humidity. However, season was a significant predictor of ergosterol levels in its own right with winter having significantly higher levels than other seasons.
Visibly mouldy surfaces were found to be an independent predictor of both total viable fungal propagules and ergosterol levels with a trend for each to increase with the number of mouldy surfaces (Figs 1 and 2 ). Having damp patches was not a significant predictor in the multivariate analysis, as the higher levels of viable fungal propagules and ergosterol in damp houses were confounded by more mouldy surfaces. Total viable fungal propagules and ergosterol levels were 1.2-and 1.4-fold higher in houses where both bedroom and the adjoining room had damp patches compared with houses with no damp patches in either. One or more mouldy surfaces were observed in 90% of the houses with damp patches in both bedroom and the adjoining room, but only in 27% of the houses without damp patches in either.
The different effects of open windows at the time of sampling on ergosterol and viable fungal propagules were confirmed in the multivariate analysis.
Having a cat at home was found to be an independent predictor of higher total viable fungal propagules, but the observed effect of having a cat on the levels of ergosterol in the univariate analysis was found to be confounded by ventilation. Houses with cats were better aired and more likely to have open windows at the time of sampling. Ergosterol levels were lower in bedrooms with frequent airing and open windows. Having cats in the home did not have a significant effect on ergosterol levels, once adjustment was made for airing and open windows.
Having a dog at home emerged as an independent predictor of viable fungal propagules in the multivariate analysis. This association was not found to be significant in the univariate analysis, as a result of the negative confounding effect of having cats at home. Only 28% of the houses with dogs had cats compared with 35% of the houses without dogs, while houses with cats had higher levels of viable fungal propagules.
Discussion
Propagules of Cladosporium and Penicillium dominated the fungal aerospora in the houses surveyed in Melbourne during 1996. Less frequently, propagules of Aspergillus, Alternaria, and Epicoccum were identified, while a range of unidentified species was present at low levels in most bedrooms. In this respect, our results confirm other studies of domestic environments that describe Cladosporium and Penicillium as the most prevalent and abundant aerospora [8, 14, 29, 30] . We observed a correlation between Penicillium and Aspergillus which was statistically significant and biologically plausible. Penicillium and Aspergillus are wellknown as soil fungi and taxonomically related [31] . However the correlation between them was weak and unlikely to be clinically relevant.
The prevalence and seasonal abundance of Cladosporium inside homes mirrors the pattern described for the outside aerospora of Melbourne [32] . Propagules of Alternaria which is considered to be a major allergenic fungal genus, were rare indoors, as they are outdoors in Melbourne [32] . Numbers do not add up to 447 in some variables due to missing information.
As in the outdoor environment [32] , total propagule levels in indoor environments were highest in summer and autumn, and lowest in winter. The similar seasonal variation of indoor and outdoor aerospora highlights the influence of external contamination on the levels of indoor fungi [33, 34] . However, one should not necessarily conclude that fungi indoors come entirely from outdoors. In the multivariate analysis, the seasonal variation in indoor viable spores was found to be related to the absolute humidity. The findings related to relative humidity, temperature and season should be interpreted while taking limitations such as the short duration of the measurement and the cross-sectional nature of the data into account. The total number of fungal propagules in the air of Melbourne homes was lower than found in the nearby LaTrobe Valley where the median over a year was found to be 812 CFU/m 3 [8] . The LaTrobe Valley is located in a rural area 200 km south-east of Melbourne, supporting evidence that homes in rural areas harbour higher levels of airborne fungal propagules than those in urban areas [35] . However, 55% of the Melbourne homes had high levels of indoor airborne fungi i.e. > 500 CFU/m 3 which are considered hazardous according to World Health Organization guidelines [36] .
An independent assessment of fungal exposure is given by measuring ergosterol levels in house dust [20] . This technique provides an indication of cumulative exposure rather than the snapshot provided by brief air sampling, and should be less sensitive to the short-term fluctuations caused by open windows. Estimates of fungal biomass based on ergosterol assays also include non-viable fungal propagules and those of fungi that do not grow in culture, but which nevertheless contribute to the total fungal allergen load. However, this estimate of fungal biomass is affected by the amount of dust and the age of fungi in the dust, as well as variations in ergosterol content of different fungal species at different developmental stages. Because of these factors, our finding that viable propagule counts and ergosterol levels are only loosely related is not surprising. The influence of externally originating propagules on the internal environment is supported by our finding that the strongest correlation between viable propagule counts and ergosterol levels was found in rooms that had been closed for at least 24 h before sampling. Our results contrast with a study of Canadian homes in mid-winter, where a strong relationship between fungal propagule levels and ergosterol in house dust was established (r ¼ 0.9, P < 0.001) [37] . Presumably the few propagules present in the snow-covered external environment were excluded from the indoor samples by fundamental differences in home design and less frequent opening of windows and doors. A much closer relationship between the two estimates of fungi would be expected under these conditions. This highlights the importance of measuring ergosterol as a marker of cumulative exposure and identifying measures to reduce the levels, in addition to the levels of fungal propagules, especially where withinhouse variation is high.
Having cats or dogs in the home was found to increase the total viable fungal propagules significantly. An association between household pets and total viable fungal propagules in the air has been observed previously [13] . This has been attributed to outdoor fungi being transported indoors via animal dander. In contrast, Verhoeff et al. [10] observed significantly lower viable fungal propagules in the floor dust with the presence of pets at home in a univariate analysis. Similarly we observed lower ergosterol levels in the presence of household cats, which was found to be confounded by frequent airing.
Old wall-to-wall carpets had the greatest independent effect on ergosterol among the variables examined. Similarly, the levels of fungal propagules in the floor dust have been observed to be significantly higher with wall-to-wall carpets [7, 10] . The influence of fitted carpets on indoor fungal levels in combination with the well-established association between fitted carpets and dust mite allergen levels [19, 38] suggests a potentially beneficial effect of a carpet-free environment on asthma.
Visible mould correlated strongly with both airborne propagule numbers and ergosterol levels in house dust, indicating the importance of indoor reservoirs on viable fungal propagules as well as ergosterol levels. Fungal propagule levels have been observed to be significantly higher in bed dust from rooms with damp and mouldy patches [10, 11] . These results suggest that fungal propagules represent more than just external contamination and indicate the importance of indoor reservoirs on indoor fungal exposure. We observed both measures of fungal 2 . Independent predictors of ergosterol levels in the multivariate analysis. Geometric means and 95% confidence intervals adjusted for absolute humidity, season, age of the house, symptoexposure to be higher in the presence of damp patches, but they were no longer important when we controlled for visible mould. Visible mould is more likely to be a step in the causal pathway between damp patches and high levels of fungi rather than a confounder. In our study, the regular use of an extractor fan and frequent airing of the bedroom were associated with lower ergosterol levels in dust. The presence of ceiling fans was associated with lower viable fungal propagules in air. Air cleaning devices [7, 13] and extractor fans [11] have also been found to reduce the airborne viable fungal propagules. Ventilation through open windows has been shown to reduce the concentration of airborne total fungal propagules [11] . However, we observed higher estimates of airborne viable fungal propagules with open windows at the time of sampling, but not with frequent airing. These results suggest a major impact of the outdoor fungi on the levels of indoor airborne fungal propagules through open windows at the time of sampling, but the lack of an association between airborne fungal propagules and airing practices suggest that the effect of this external contamination is probably transient. On the other hand, ergosterol levels were lower with open windows at the time of sampling, which is likely to reflect frequent airing practices. These results indicate that the overall effect of natural ventilation on indoor fungal exposure is beneficial.
Regular use of kitchen exhaust fans was associated with lower ergosterol levels. However, the levels of ergosterol in houses without an extractor fan were not significantly different from the levels of houses with an extractor fan. This contradiction is probably due to regular airing of the kitchen in some houses without an extractor fan, although we did not have information to examine this.
We also observed lower levels of viable fungal propagules in houses that were vacuumed recently and those that had a solid fuel fire within 12 months prior to sampling which have not been observed before. Vacuuming may remove the fungal propagules in floor dust which is a reservoir of the viable fungal propagules in the air. Although the sample of subjects studied comprised a higher proportion of symptomatic subjects than in the reference population of adults aged 20-44 years, our results were not altered when the sample was reweighted to match the reference population. However, the low participation rate among the original sample invited to the laboratory should be taken into account in generalizing the results to the young adult population of Melbourne.
In conclusion, our results suggest that the indoor fungal levels in the majority of Melbourne homes are hazardous according to World Health Organization guidelines and indoor exposure to fungi could be reduced by modifying the home environment. This study highlights the need for further research in this field, especially interventions to modify the home environment and to establish causal relationships. From a public health perspective, we would encourage frequent airing, regular use of kitchen exhaust fans and bedroom ceiling fans, removal of old wall-to-wall carpets, exclusion of pets, frequent vacuuming and removing visible mould patches. These measures should significantly reduce exposure to fungal allergens in the home, although health benefits remain to be established.
